Considerable evidence has shown that unexpected alterations in auditory feedback elicit fast compensatory adjustments in vocal production. Although generally thought to be involuntary in nature, whether these adjustments can be influenced by attention remains unknown. The present event-related potential (ERP) study aimed to examine whether neurobehavioral processing of auditory-vocal integration can be affected by attention. While sustaining a vowel phonation and hearing pitch-shifted feedback, participants were required to either ignore the pitch perturbations, or attend to them with low (counting the number of perturbations) or high attentional load (counting the type of perturbations). Behavioral results revealed no systematic change of vocal response to pitch perturbations irrespective of whether they were attended or not. At the level of cortex, there was an enhancement of P2 response to attended pitch perturbations in the low-load condition as compared to when they were ignored. In the high-load condition, however, P2 response did not differ from that in the ignored condition. These findings provide the first neurophysiological evidence that auditory-motor integration in voice control can be modulated as a function of attention at the level of cortex. Furthermore, this modulatory effect does not lead to a general enhancement but is subject to attentional load.
T he integration of sensory information arising from different pathways such as auditory, visual, and somatosensory system into the vocal motor system is critical for the control of speech production. Speech motor control is heavily dependent on the input from the central auditory system, i.e., auditory feedback 1, 2 . In the past two decades, the altered auditory feedback (AAF) paradigm has been developed and widely used to investigate the mechanisms underlying auditory feedback control of vocal production 3, 4 . Numerous studies have demonstrated that people generally produce compensatory vocal changes in the direction opposite to that of perceived pitch/loudness/formant perturbations in voice auditory feedback, although a few responses change in the same direction as the perturbation [5] [6] [7] [8] . Multiple lines of evidence have shown that this feedbackbased mechanism can be modulated as a function of auditory stimuli 9, 10 , experimental task 8, 11 , and learning experience 12, 13 . Despite this, mechanisms underlying auditory feedback control of voice remain poorly understood. Typically, vocal compensation for auditory feedback perturbations is exhibited as a corrective response with a short latency approximately ranging from 80-150 ms 5, 6 . Behavioral studies have shown that vocally-untrained participants produce vocal compensation for pitch feedback perturbations even when told to ignore them throughout the experiment 14, 15 , and they are unable to suppress vocal responses to pitch feedback perturbations irrespective of being told to ignore or compensate for them 13, 16 . Therefore, auditory-motor integration in voice control is generally thought to be involuntary in nature and does not appear to be modified by cognitive function such as attention.
According to the internal forward model theory, however, the mechanisms underlying auditory feedback control of voice is a top-down controlled process [17] [18] [19] . In this model, a copy of motor command (i.e. efference copy) is generated to predict the sensory consequences of self-produced vocalization via auditory feedback, which is then compared with the actual auditory feedback (i.e. re-afference) to monitor the state of vocal production. Once there is a mismatch between the intended and actual auditory feedback, a new motor command is generated to correct for perturbations in auditory feedback to stabilize vocal production. Several neurophysiological studies have provided supportive evidence for this hypothesis that neural activity in the auditory cortex in response to pitch perturbations during active vocalization is enhanced relative to that during passive listening 18, 20, 21 , and the activity of brain regions that produce enhanced responses to pitch perturbation is predicative of vocal compensation behavior 22 .
Moreover, detection of perturbations in voice auditory feedback at the level of cortex is key to generate the corrective motor command in stabilizing vocal production. Although perception of speech sounds is considered as a highly automatic process 23, 24 , considerable evidence has demonstrated the attention-driven auditory processing of speech sounds. For example, attending to an auditory stimulus leads to greater event-related potentials (ERPs) of N1 [25] [26] [27] [28] and P2 26, 29, 30 and enhanced brain activity 31, 32 in the auditory cortex as compared to when ignoring it. Moreover, this enhancement effect of attention is suggested to be ''elastic'' and occurs as a function of attentional load 33 . For example, when comparing to the ignored condition, ERP amplitudes of P170 to attended stimuli were significantly increased during the low-load condition but declined during the high-load condition 34 . Recently, using transcranial magnetic stimulation (TMS) and magnetoencephalography (MEG) techniques, Mottonen et al. 35 reported that TMS-induced disruption of the lip representation increased lefthemisphere P50m response to attended sounds, providing supportive evidence that attention can modulate the auditory-motor interaction during speech processing. In light of these findings, focused auditory attention may lead to an increase of brain activity in the auditorymotor processing of feedback information, leaving open the possibility that there may be attention-driven mechanisms underlying auditory feedback control of vocal production at the level of cortex. This question, however, has yet to be answered.
In addition, several neuroimaging and neuromagnetic studies have been conducted to investigate the neural substrates involved in the auditory-feedback-based voice control 13, [36] [37] [38] . Results of these studies identified brain regions including superior temporal gyrus (STG), posterior superior temporal sulcus (pSTS), anterior cingulate cortex (ACC), dorsal premotor cortex (dPMC), left superamarginal gyrus, inferior frontal gyrus (IFG) and anterior insula. Through the recording of electrocorticogram (ECoG) data from epilepsy patients, Chang et al. 22 and Greenlee et al. 39 found that pitch perturbations elicited greater brain activity in STG during vocalization as compared to listening. On the other hand, a cortical network of attention resources involved in the auditory processing of sounds includes STS, STG, inferior parietal lobules, IFG and premotor/supplementary motor cortices [40] [41] [42] . As can be seen, some brain regions such as STS, STG and IFG are involved in both auditory attention and vocal motor control, indicating that there is an overlapping of neural networks between them. Through this shared framework, it is plausible to suggest that there may be a modulatory effect of attention on the auditory-motor processing of sounds during vocal production.
Therefore, the present ERP study aimed to investigate whether auditory-motor integration in voice control can be modulated by auditory attention at the levels of both behavior and cortex. The AAF paradigm was used to perturb participants' voice pitch feedback when they sustained a vowel phonation, during which they were asked to attend to or ignore those perturbations. In order to testify if effects of attention on the processing of pitch perturbations in vocal motor control are subject to task demands, the load of auditory attention in the attended conditions was manipulated in the present study (i.e. low vs. high level). Vocal and neurophysiological responses to pitch perturbations were measured across different attention tasks. Given that ERP components of N1 and P2 are reliably elicited by pitch perturbations in voice auditory feedback and reflect the auditory-motor integration of voice control at the cortical level 21, 43, 44 , they were extracted in the present study to index change of cortical response as a function of attention. Considering the reflexivelike nature of vocal response to pitch perturbations, we expected no systematic change of vocal response as a function of attention. We also expected that attending to pitch perturbations would result in increased amplitudes of N1 and P2 as compared to when they were ignored. Moreover, since attention effect on the central auditory processing is subject to task demands, we predicted that N1 and P2 responses would vary as a function of attentional load.
Methods
Subjects. Twenty-eight female young adults, who were students from Sun Yat-sen University of China, participated in the experiment. Seven of 28 subjects were excluded from the final sample due to following reasons: failure of performing the experiment as required (N 5 2), musical training experience (N 5 1), nativeCantonese speaker (N 5 1), malfunction of the equipment (N 5 1), and excessive artifacts of the EEG data (N 5 2). Therefore, 21 subjects entered the final dataset. They were right handed, native-Mandarin speakers aged 20-27 years of old (mean 5 21; standard deviation [SD] 5 2). None of them reported speech, hearing, or neurological disorders. All subjects passed a hearing screening at the threshold of 25 dB hearing level (HL) for pure-tone frequencies of 500, 1000, 2000 and 4000 Hz, and reported normal or corrected-normal vision. Informed consent was obtained from all subjects in compliance with a research protocol approved by the Institute Review Board of The Affiliated Hospital at Sun Yat-sen University of China. The study was carried out in accordance with the approved guidelines.
Apparatus. All subjects performed the experimental task in a sound-attenuated booth. A dynamic microphone (model DM2200, Takstar Inc.) was used to record the voice signals, which were then amplified with a MOTU Ultralite Mk3 firewire audio interface and an ICON NeoAmp headphone amplifier. The amplified signals were pitch-shifted by an Eventide Eclipse Harmonizer, and finally fed back to subjects through insert earphones (ER1-14A, Etymotic Research Inc.). The intensity of voice feedback had a gain of 10 dB sound pressure level (SPL) relative to that of vocal output to partially mask the air-born and bone-conducted feedback. Max/MSP (v.5.0 by Cycling 74) software was used to control the Harmonizer to pitch-shift the voice feedback, in which acoustic parameters of the pitch-shift stimulus (PSS) including direction, magnitude, duration, and inter-stimulus intervals were manipulated. Transistor-transistor logic (TTL) pulses were generated by Max/MSP to mark the onset and offset of pitch perturbations. The original voice, pitch-shifted feedback, and TTL pulses were digitized at a sampling frequency of 10 kHz by a PowerLab A/D converter (model ML880, AD Instruments), and recorded using LabChart software (v.7.0 by AD Instruments). A custom-developed LED indicator light box was used to provide visual cues for controlling the onset and offset of vocalization and presenting the visual stimuli for the ignored condition (see below).
Procedure. Across all experimental conditions, subjects were instructed to vocalize a vowel sound/u/ following a visual cue (i.e. one blue indicator light). That is, they started vocalizing when the blue light was on and sustained a stable vocalization until the blue light was off. At the end of each vocalization, subjects were required to take a break of 2-3 s prior to initiating the next vocalization. The present study consisted of three tasks: visual-auditory (VA) task, number of auditory stimulus (NAS) task and type of auditory stimulus (TAS) task (see Figure 1 ). Across three tasks, subjects were given two practice blocks prior to the formal test. In the VA task, one red indicator light started flashing as long as subjects started vocalizing, during which their voice feedback was randomly pitch-shifted. The onsets of visual and auditory stimuli were asynchronous. The red light flashed up to 8 times with an inter-stimulus interval of 500-2000 ms (ISI). During each vocalization, voice feedback was pitch-shifted five times and the magnitude of PSS randomized from 1100, 1200, to 1500 cents (100 cents 5 1 semitone). The first PSS occurred 500-1000 ms after the vocal onset, and the succeeding stimuli were presented with an ISI of 700-900 ms. Totally, 60% of stimuli were for 1200 cents and 20% for 1100 and 1500 cents, respectively. Subjects were required to count the number of the red light flashing per vocalization. The VA task serves as one ignored condition during which subjects ignored the auditory stimuli while attending to the visual stimuli.
In the following two tasks, the red indicator light was turned off ensuring that subjects would fully attend to the auditory stimuli. Load was manipulated by asking subjects to detect the specific features of the PSS. In the low-load condition (i.e. the NAS task), subjects were asked to count how many times voice feedback was pitchshifted per vocalization. Voice pitch feedback was shifted five times per vocalization. Stimuli of 0 cent were mixed with stimuli of 1200 and 1500 cents, leading to a variable number of PSS ranging from 0 (i.e. all PSS were 0 cent) to 5 (i.e. none of PSS was 0 cent). Similar to the VA task, 60% of stimuli were for 1200 cents and 20% for 0 and 1500 cents.
In the high-load condition (i.e. the TAS task), subjects also sustained vocalization while hearing five pitch perturbations with three randomized magnitudes (1100, 1200, and 1500 cents). In contrast with the NAS task, subjects were required to count how many types (i.e. magnitude) of PSS they heard per vocalization. So subjects would hear 1 (i.e. only one magnitude was used) to 3 (i.e. all three magnitudes were used) types of stimuli per vocalization. Totally, 60% of them were for 1200 cents and 20% for 1100 and 1500 cents respectively.
Note that stimulus of 1100 cents was not used in the NAS task because pilot data showed that subjects were confused about 1100 and 1200 cents quite often, resulting in a difficulty in manipulating the load level between the NAS and TAS task. Previous research has shown that cortical responses (i.e. N1, P2) become greater as the magnitudes of pitch perturbation increase 21, 45 . If responses to all three stimuli were averaged and used in the statistical analyses, it would be difficult to determine whether the change in cortical response was caused by attention manipulation or salient stimulus. In the present study, therefore, we examined the behavioral and neurophysiological responses to 1200 cents only. For each task, subjects received 5 PSS over 35 consecutive vocalizations and 60% of them were for 1200 cents, resulting in a total of 105 trials of 1200 cents stimuli. The order of three tasks was randomized across all subjects. In addition, an immediate recalling test was performed after each www.nature.com/scientificreports SCIENTIFIC REPORTS | 5 : 7812 | DOI: 10.1038/srep07812vocalization across all tasks for all subjects ensuring that the stimuli were attended to or ignored as required.
Vocal response analyses. Vocal responses to PSS were measured offline in one Macintosh computer. Voice fundamental frequency (F 0 ) contours in Hz were extracted from the voice signals in Praat 46 , and converted to the cent scale in IGOR PRO (v.6.0, Wavemetrics Inc.) using the formula: cents 5 100 3 (39.86 3 log 10 (F 0 / reference)). The reference is an arbitrary reference note of 195.997 Hz (G4). Voice F 0 contours were then segmented into epochs ranging from 200 ms before and 700 ms after the onset of pitch perturbation. A visual inspection of all individual trials was used to reject those bad trials containing vocal interruption or signal processing errors. Artifact-free trials were averaged to generate an overall response for each stimulus condition. Measurement of vocal response was performed using the eventrelated averaging technique along with the pre-sorting method 47, 48 . The response magnitude was calculated by subtracting the peak value of voice contour following the response onset from the pre-stimulus mean (2200 to 0 ms). The response latency was determined as the time of voice F 0 departure from the pre-stimulus mean by more than 2 standard deviations (SDs).
EEG data acquisition and analyses. Subjects wore a 64-electrode Geodesic Sensor Net on the scalp throughout the recording. The data were amplified and digitized at a sampling frequency of 1 k Hz by Net Amps 300 amplifier (Electrical Geodesics Inc., Eugene, OR). The EEG signals were referenced to the vertex (Cz) for each channel during the online recording. Individual sensors were adjusted to maintain their impedances below 50 kV during the experiment 49 . NetStation software (v.4.5, Electrical Geodesics Inc., Eugene, OR) was used to offline analyze the EEG signals across all conditions. All channels were re-referenced to the average of electrodes on each mastoid and band-pass filtered using a finite impulse filter (FIR) with cut-off frequencies set to 1-20 Hz (passband gain: 0.1 dB; stopband gain: 40 dB; rolloff frequency: 2 Hz). The continuous EEG was segmented into epochs with a window of 2200 ms and 1500 ms relative to the PSS onset, and then submitted to Artifact Detection toolbox in NetStation to reject those artifacts caused by excessive muscular activity, eye blinks, or eye movement. An additional visual inspection was performed to ensure the appropriate artifact rejection. Finally, artifact-free trials were averaged and baseline-corrected to generate an overall response for each condition. The amplitudes and latencies of N1 and P2 components were measured as the negative and positive peaks in the time windows of 80-180 m and 160-280 ms after the onset of PSS, respectively.
Statistical analyses.
Values of vocal and neurophysiological responses to PSS across conditions were subjected to repeated-measures analyses of variance (RM-ANOVAs) using SPSS (v.16.0). The magnitudes and latencies of vocal response were analyzed using one-way RM-ANOVAs with the task (VA, NAS, TAS) as a within-subject factor. The amplitude and the latency of the N1-P2 complex, extracted from 15 electrodes (FC1, FC2, FCz, FC3, FC4 , C1, C2, Cz, C3, C4, P1, P2, Pz, P3, P4), were subjected to three-way RM-ANOVAs (task, anteriority, and laterality). Frontal (FC1, FC2, FCz, FC3, FC4), central (C1, C2, Cz, C3, C4), and parietal (P1, P2, Pz, P3, P4) electrodes were chosen as an anteriority factor, whereas lateral left (FC3, C3, P3), medial left (FC1, C1, P1), midline (FCz, Cz, Pz), medial right (FC2, C2, P2), lateral right (FC4, C4, P4) were used as a laterality factor. Violation of the assumption of sphericity would lead to the correction of probability values for multiple degrees of freedom using Greenhouse-Geisser.
Results
Behavioral findings. In order to ensure subjects attended to or ignored the PSS as required, the identification correction rates across three tasks were measured. The identification correction rate was 86% for the VA task, 98% for the NAS task, and 63% for the TAS task, respectively. Statistical results revealed a significantly higher identification correction rate for the NAS task as compared to the TAS task (t(21) 5 215.059, p , 0.001), indicating that detecting the type of PSS is a more demanding task and is assumed to increase attentional load relative to the detection of the number of PSS. Figure 2 shows the mean magnitude and latency of vocal responses to PSS as a function of task. One-way RM-ANOVAs revealed no Figure 1 | Schematic depicting the experimental setup. Across all conditions, subjects were instructed to start and end vocalizing when the blue light was on and off. An immediate recalling test was performed after each vocalization for all subjects ensuring that the stimuli were attended or ignored as required. While sustaining a stable vocalization and hearing their voice unaltered (i.e. 0 cent) or pitch-shifted 1100, 1200, or 1500 cents through insert earphones, subjects were asked to count how many times the red light flashed on the screen in the visual-auditory (VA) task (A), how many times their voice was pitch-shifted in the number of auditory stimulus (NAS) task (B), or how many types of PSS were presented in the type of auditory stimulus (TAS) task (C). Voice pitch feedback was shifted five times per vocalization. In the VA task, the red light flashed 1 to 8 times per vocalization. In the NAS task, stimuli of 0 cent were mixed with stimuli of 1200 and 1500 cents, leading to a variable number of PSS ranging from 0 (i.e. all PSS were 0 cent) to 5 (i.e. none of PSS was 0 cent) per vocalization. In the TAS task, the number of stimulus type ranged from 1 (i.e. only one magnitude was used) to 3 (i.e. all three magnitudes were used) per vocalization. Neurophysiological findings. Figure 3 shows the grand-averaged waveforms of ERPs to 1200 cents as a function of task. As can be seen, the NAS task elicited greater responses, particularly at the P2 component, than the other two tasks. Similar ERPs were elicited for the VA and TAS task though. By contrast, N1 amplitude did not differ across three tasks. This task-dependent modulation of neurophysiological response can also be seen in the topographical distributions of the N1-P2 complex (see Figure 4 ). In addition, the amplitudes of N1 and P2 response appear to be greater in the frontocentral electrodes relative to the parietal electrodes.
One three-way RM-ANOVA of N1 amplitude revealed significant main effects of anteriority (F(2, 40) 5 25.127, p , 0.001) and laterality (F(4, 80) 5 4.386, p 5 0.010), whereas main effect of task did not Statistical results of P2 amplitude revealed a significant main effect of task (F(2, 40) 5 9.392, p , 0.001). Post-hoc Bonferrnoi comparison revealed that the NAS task elicited significantly greater P2 amplitude than both the VA (p 5 0.003) and TAS task (p 5 0.005), whereas no significant difference was found between the VA and TAS task (p . 0.05) (see Figure 5) . A significant main effect of anteriority (F(2, 40) 5 59.963, p , 0.001) was also found. Frontal electrodes were associated with greater P2 amplitude than central electrodes (p , 0.001) and parietal electrodes (p , 0.001), and central electrodes were associated with greater P2 amplitude than parietal electrodes (p , 0.001). Main effect of laterality (F(4, 80) 5 25.576, p , 0.001) also reached significance, which is largely driven by a midline predominance in the response. P2 amplitudes from left and right electrodes, however, did not differ significantly (p . 0.05). Regarding P2 latency, there was a significant main effect of task (F(2, 40) 5 3.869, p 5 0.029), in which the VA task produced significantly shorter P2 latency than the TAS task (p 5 0.042) (211 vs. 221 ms). Main effect of anteriority (F(2, 40) 5 1.627, p 5 0.217) or laterality (F(4, 80) 5 0.560, p 5 0.610), however, did not reach significance.
Discussion
The present study aimed to examine whether neurobehavioral processing of pitch feedback errors during the online monitoring of selfproduced vocalization can be modulated by auditory attention. Behavioral results revealed no systematic change of vocal response to pitch perturbations irrespective of whether they were ignored or attended. Modulatory effect of auditory attention, however, was observed at the level of cortex. Specifically, P2 amplitude was significantly increased in response to the attended PSS in the low-load condition when comparing to the unattended PSS in the ignored condition, but had a significant decrease as the attentional load increased through greater task difficulty. Moreover, the attention effect failed to be observed when comparing response to attended PSS in the high-load condition with response to unattended PSS in the ignored condition. These findings demonstrate that auditory-motor integration in voice control can be modulated by auditory attention at the level of cortex. Furthermore, our findings provide supportive evidence for the elastic model of attention that attention effect does not lead to a general enhancement of response to attended targets but occurs as a function of attentional load.
As expected, behavioral results showed that auditory attention had no impact on the modulation of vocal response to PSS. This aspect of our finding is complementary to one recent behavioral study showing that vocal responses observed when vocally-untrained participants were instructed to ignore PSS did not differ from those observed when they were instructed to compensate for PSS that required a focusing attention on the PSS direction 16 , suggesting that vocal compensation for pitch perturbations cannot be consciously modulated. It is also noted from other findings that vocallyuntrained participants generally produce compensatory responses to PSS even when told to ignore them 5, 14, 15 , indicating that they cannot actively suppress their vocal compensation. In line with these findings, the present study provides further evidence that modulation of vocal compensation for pitch perturbations is independent of whether they are attended or ignored, suggesting that auditorymotor integration in voice control appears to be involuntary at the behavioral level and influenced little by attention.
At the level of cortex, however, attention effect was observed as reflected by greater P2 response to the attended PSS in the low-load condition when comparing to the unattended PSS in the ignored condition. This finding provides supportive evidence for our hypothesis that focused attention results in enhanced cortical response in the auditory-motor processing of pitch errors. Despite the methodological difference, this aspect of our finding is in line with neuroimaging and neurophysiological findings of auditory perception showing enhanced brain activity in the auditory cortex 50, 51 and greater P2 response 26, 29, 30 when sounds are attended. More interestingly, P2 response had a significance decrease when the attentional load was increased and returned to the ignored condition, indicating the absence of attention effect in the high-load condition. This finding provides supportive evidence for our hypothesis that cortical responses to attended vs. unattended stimuli may not be generally enhanced but vary as a function of attentional load. This aspect of our finding is in line with the ''elastic'' effect of auditory attention on the central auditory processing with task load 33, 34, 52 . Although those studies did not examine change of response to attended sounds as a function of attention load, results from several ECoG studies showed an obvious decrease of positive amplitude of the average ERPs at approximately 170 ms (P170stg) in response to attended stimuli as attentional load increased 33, 34 , which is consistent with our findings of decreased P2 response to PSS in the high-load condition.
Why is cortical response to pitch feedback errors affected by attention? Regarding the possible mechanisms underlying enhanced P2 responses to the attended vs. unattended PSS in the low-load condition, we postulate that it may result from enhanced response to attended PSS. In light of the gain-based theory of auditory attention 53 , focusing attention improves perceptual detectability to attended features through increasing the gain of neurons that are sensitive to that feature. In the present study, increased gain may be applied to those neurons that are informative for detecting the presence of PSS in voice auditory feedback, leading to enhanced neural activity in response to attended PSS in the low-load condition. On the other hand, it has been demonstrated that attention to one modality leads not only increased activity of the sensory areas involved in the processing of that modality, but also to suppressed activity in regions associated with other modalities [54] [55] [56] . For example, when participants were instructed to attend to melodies and ignore shapes, enhanced activity was observed in the auditory cortex while decreased activity was found in the visual cortex 54, 55 . Moreover, there is evidence suggesting that modalityspecific selective attention results primarily from decreased processing in the unattended modality rather than increased processing in the attended modality 57 . According to these findings, enhancement effect of attention observed in the present study may result from inhibited processing of unattended PSS in order to free additional resources for the processing of flashing lights in the ignored condition. In addition, we cannot exclude the possibility that changes in cortical responses to attended vs. unattended PSS result from both enhanced response to attended PSS and decreased responses to unattended PSS. Given that different attention conditions were compared with each other rather than a baseline condition (i.e. participants passively listened to the PSS and viewed the lights during vocalization without focused attention) in the present study, however, we cannot determine whether changes in cortical response reflect enhancement in the attended condition, inhibition in the unattended condition, or both. Further studies including a baseline condition should be conducted to verify these speculations.
Interestingly, increased attentional load resulted in the absence of attention effect on the auditory-motor processing of pitch errors, which was primarily driven by a significant decrease of P2 response to attended PSS as load was increased through greater task difficulty. Although speculative, we postulate that decreased cortical response in the high-load condition may be related to the function of working memory. Considerable evidence has demonstrated the role of working memory in top-down attentional control. For example, divided attention requires handling multiple information in working memory relative to selective attention, and the activation in the prefrontal cortex (PFC) that subserves executive functions of working memory 58, 59 but decreased activity in the primary sensory areas have been found in the divided attention condition when comparing to the selective attention [54] [55] [56] . Moreover, there is evidence showing enhanced activity in the dorsolateral PFC but decreased activity in the precuneus with the attentional load in the visual modality of attention 60 . In light of these findings, it is suggested that there may be an inhibitory influence of working memory on responses in sensory regions by recruiting the PFC. Specifically, the PFC may exert top-down inhibitory control over the primary sensory cortices through function interactions 55 or neural connections 61 between them. Several ERP studies reported supportive evidence to this speculation showing increased auditory-evoked 62 and somatosensoryevoked 63 responses in patients with focal PFC damage, suggesting an inhibitory influence of the PFC on sensory activity in these regions. In the present study, relative to the NAS task, the TAS task demands some sources related to working memory for the processing of pitch perturbation such that the information of the remembered PSS can be maintained and processed (i.e. pitch discrimination to determine whether they were the same or different) for the calculation of the types of all stimuli. Accordingly, it is plausible that decreased cortical responses to PSS in the high-load condition may be caused by inhibited activity of sensory areas due to the involvement of the PFC subserving the function of working memory. Neuroimaging studies needs to be conducted to testify this speculation in the future.
Differential effects of attention on the N1-P2 complex. Although previous research on auditory perception has shown enhanced N1 response [25] [26] [27] [28] pitch errors were only observed in P2 component in the present study. This inconsistency may be related to the difference in the methodology between the present study and others. N1 and P2 responses were recorded in the production of vocal compensation for pitch errors in the present study, which may reflect not only the central auditory processing (e.g. pitch error detection/ discrimination) but also the feedback-based motor processing (e.g. pitch error correction). The influence of vocal motor system on central auditory processing has been demonstrated in studies of both animals and humans 17, 18, 20, 22, 66 . For example, when comparing with passive listening, utterance onset in the quiet or perturbed condition elicits suppressed brain activity (e.g. N1 or N1m) in the auditory cortex 17, 66 whereas perturbations in the middle of utterance causes an increase of ERP response (e.g. P2) 18, 22 . It has been suggested that neural generators underlying the N1-P2 complex in correcting for errors in voice auditory feedback may be associated with higher cognitive aspects of vocal output monitoring 18, 67 . Thus, differential effects of auditory attention on the N1-P2 complex between the present study and others may be partially attributable to the interaction between auditory and vocal motor system for vocal output monitoring.
On the other hand, this finding provides further evidence of differential mechanisms underlying the generation of N1 and P2 in auditory-motor processing of pitch errors. Generally, neural generators of N1 are mainly located in the primary and secondary auditory cortex 68 . N1 is suggested to reflect the detection of mismatch between the predicted auditory input (i.e. efference copy) and the actual auditory feedback (i.e. corollary discharge) in correcting for feedback errors 18, 45 . This speculation is supported by findings that, relative to P2 response, N1 response is more sensitive to the acoustical features of pitch perturbation (e.g. direction or magnitude) but less sensitive to the task demands 45, 67, 69 . Evidence also suggests that there is a pre-attentive automatic detection of irregularities in sounds in the auditory cortex 24 . If this holds, the earlier stage of cortical processing of unexpected pitch errors may be automatic, which might account for the absence of attention effect on N1 response in the present study. By contrast, P2 receives some contributions from cortical areas in the Sylvian fissure 70 . The posterior Sylvian fissure at the parietal-temporal boundary (area Spt) is proposed to serve as an interface that performs a coordinate transformation between auditory and motor representations 71 . Moreover, there is evidence that P2 amplitude negatively correlated to the magnitude of vocal response 45 , suggesting that change of P2 response may reflect more than simple error detection in voice auditory feedback. Rather, it may reflect the interactions between auditory and motor system that demand higher level of cognitive processes such as attention for auditory processing and vocal motor control, which may be responsible for the modulation of P2 response as a function of attention.
The generality of these observations might be limited by the experimental paradigm. In addition to the PSS, visual stimuli (i.e. the red light) were presented in the ignored condition while they were cancelled in the attended conditions. It is possible that response to attended PSS might be influenced if the visual distraction were presented. It should be noted, however, that our purpose was to examine the effect of attention on response to auditory stimuli no matter whether visual stimuli were presented or not. Despite the methodological difference between the present study and previous studies of selective attention, one common element they share is that attention is directed towards a relevant auditory stimulus and to another stimulus in the ignored condition. Therefore, conclusions from the present findings would not be confounded by this way of attention manipulation.
In conclusion, the present study investigated whether attention can influence the auditory-motor processing of pitch errors during the online monitoring of vocal production. Behavioral results showed no impact of attention on vocal response to PSS irrespective of whether it is attended. Attention-driven changes of response, however, were observed at the level of cortex. P2 response to attended PSS was significantly enhanced relative to unattended PSS in the condition of low load but returned to the ignored level in the condition of greater load, indicating an enhancement effect of attention in the low-load condition but the absence of this effect in the highload condition. These findings not only provide further evidence that auditory-motor integration in vocal pitch regulation is involuntary at the behavioral level, but also demonstrate for the first time that attention can modulate the auditory-motor processing of pitch errors as a function of attentional load at the level of cortex.
